Aluminum fluoride may be used both to stabilize microtubules and to induce strong binding o f kin esin, thus circumventing the need for taxol and AMP-PNP in kinesin preparations.
Introduction
The preparation of kinesin is usually based on a step which involves the tight binding of kinesin to micro tubules. This requires that microtubules be stabilized, which is usually achieved by taxol. The tight binding of kinesin to these microtubules takes place in the presence of the ATP analogue AMP-PNP, but not with ATP (Vale etal. 1985; Lasek and Brady, 1985) . Both taxol and AMP-PNP are rather expensive, thus limiting the scale of the preparation.
In a previous report we noted that the requirements for AMP-PNP and taxol can both be reduced by adding fairly high amounts (100 h i m ) of NaF to the preparation. This leads to both the stabilization of microtubules and to the strong binding of kinesin to microtubules (von Massow etal. 1989) .
We have now investigated this effect in more detail and report that it is actually due to aluminum fluoride, possibly in the form o f the A1F4~ complex. Microtubules are known to be rather labile, but in the presence of aluminum fluoride and ATP they are stable for days. Likewise, kinesin binds to microtubules in the presence of aluminum fluoride and ATP without requiring AMP-PNP. Thus, kinesin forms a rigor complex with microtubules. The effects take place at low concentrations of aluminum fluoride, in the m M range. Both are compatible with the assumption that aluminum fluoride stabilizes tubulin and kinesin in a tight binding state by binding to the position of the gamma phosphate o f GTP or ATP, respectively. The effect can be exploited to prepare kinesin without taxol and AMP-PNP. 
Materials and methods

Preparation o f microtubules
Motility assay
Results and discussion
Stability o f microtubules in the presence o f aluminum fluoride One prerequisite for the binding of kinesin to micro tubules is that the microtubules are stable. The reason is basically that kinesin is affinity purified, by using microtubules as a matrix which must not dissolve during the kinesin release step, so that after pelleting the supernatant is enriched in kinesin (Vale etal. 1985; Kuznetsov and Gelfand, 1986) . Stabilization is tradition ally achieved by taxol whose supply is limited.
We have tried to circumvent the use o f taxol by stabilizing microtubules with aluminum fluoride. To optimize conditions we polymerized microtubules from PC-tubulin at 10 mg m l-and varied the concentrations of NaF and AICI3 as well as their ratio; MgGTP was kept at 1 m M . The stability assay consisted of observing the microtubules by video microscopy immediately after assembly and at later time points, up to three days. Since the microscopy was at room temperature, microtubules tended to disassemble and typically disappeared within 10-15 min. NaF alone at higher concentrations (up to 100 m M ) had a moderate stabilizing effect; the same is true for AICI3 (up to 100 m M ) . However, neither of these conditions stabilized microtubules for three days, which we chose as a reference period since taxol-treated microtubules are stable for this length o f time or more (Fig. 1A) .
By contrast, combinations of NaF and AICI3 had a pronounced stabilizing effect, even at low concentrations. We found the optimal conditions to be 4 m M NaF and 1 m M AICI3 . In this case the stability was indistinguishable from that induced by taxol, and even after three days numerous microtubules were visible (Fig. IB) . This was true even when the microtubule solution was cooled to 4°C. This means that, with regard to stability, taxol can be replaced by aluminum fluoride. The effect is reversible; when aluminum fluoride is removed, the microtubules become labile again.
The optimal ratio of A lC^N aF was about 1:4, sugges ting that the stabilizing activity arises from A1F4, but this interpretation should be regarded with caution. Other Observations were made by DIC m icroscopy. The protein was polym erized at 37 °C and then kept in solution for three days at room tem perature. Initially both samples contained roughly equal amounts of microtubules. W ithout alum inum fluoride the microtubules disappear w ithin 1 0 -2 0 min, leaving only amorphous precipitate (A); w ith alum inum fluoride they keep for several days (B). The stabilization is optim al when the ratio o f AICI3 to N aF is about 1:4. The alum inum fluoride-stabilized m icrotubules are stable even at 4°C, w hich is com parable to the effect o f taxol. The stabilizing effect occurs regardless of w hether AICI3 and NaF are added during the assem bly or afterwards, and it is reversible. possibilities have to be considered as well. For example, elevated Al3+ can substitute for Mg2+ in the metal-GTP complex, thereby reducing the GTPase and enhancing microtubule stability (Macdonald et al. 1987) . Secondly, aluminum can form several complexes with fluoride (A1FX), and it is at present not clear which of these is the active one (Humphreys and Macdonald, 1988) . Thirdly, elevated fluoride also stabilizes microtubules. This could be due to a general chaotropic effect influencing the water structure and thus microtubule assembly (Humphreys and Macdonald, 1988) ; in addition it could be due to a reaction of the fluoride with trace amounts of aluminum. Finally, it has been proposed that A1F4 acts as an analogue of P;, substituting for the gamma-phosphate of GTP and thereby stabilizing microtubules (Carlier et al. 1988) , similar to the mechanism proposed for G-proteins (Bigay et al. 1987 ). The hypothesis is attractive but has been a matter of debate (Caplow et al. 1989) .
These options should be kept in mind when considering the basis of kinesin rigor to be discussed below. From a practical point of view, the important fact is that m M concentrations of A1C13 and NaF in combination will circumvent the need for taxol. We will refer to this mixture as aluminum fluoride without specifying a molecular interpretation.
Effect o f aluminum and fluoride on kinesin-induced microtubule motility
In the next set of experiments we tested whether m M concentrations of NaF and of AICI3 had an influence on kinesin-dependent microtubule gliding. NaF by itself has no noticeable effect on motility unless one raises the concentration, say to 100 m M . A1C13 at m M concentrations has no influence either. However, mixtures of the two were strongly inhibitory. As with microtubule stability, the effect was most pronounced at concentrations of about 1 m M AICI3 and 4 m M NaF, where the microtubules stuck to the glass without moving (not shown).
Kinesin rigor induced by AMP-PNP, PPPi, or aluminum fluoride
From the above experiments our working hypothesis is that kinesin binds to microtubules in a state analogous to the rigor state of actomyosin. However, other interpret ations are possible, for example, kinesin might not be bound to microtubules at all and would thus not generate motility. To distinguish between these possibilities we performed binding studies between taxol-stabilized micro tubules and kinesin in different conditions. In particular we compared the effect of aluminum fluoride with two other compounds known to induce strong binding of kinesin to microtubules, namely AMP-PNP (Vale et al. 1985) and PPPi (Kuznetsov and Gelfand, 1986) .
Microtubules (from tubulin at 1 m g m r 1, stabilized with 20, mm taxol) and kinesin (ISOfigml" 1) were mixed in different buffer conditions. Microtubules were pelleted, the pellet was washed once, the kinesin was released by adding 10 mM MgATP, and the quantity of kinesin in the pellet and supernatant was estimated by silver stained SDS-PAGE gels (Fig. 2) . The left four lanes show the effect of 2.5 mM PPPj. During the first binding step, essentially all the kinesin binds to the microtubules and can be pelleted with them so that no kinesin remains in the supernatant (Si). Washing the pellet with buffer does not release the kinesin into the supernatant (S2). When kinesin is released with ATP most of it appears in the supernatant (S3), although a minor amount still remains bound to the microtubules (pellet P). The next four lanes show the same type of experiment with 1 mM AMP-PNP (Fig. 2 , middle four lanes). As before, kinesin is initially fully bound to the microtubules (Si). ATP releases a fraction of kinesin (S3 ), but another substantial fraction remains bound to the microtubules (P), showing that in this series of experiments AMP-PNP is less efficient than PPP; with regard to kinesin recovery. Finally, we supplemented the buffer with I m M A1C13 and 4 m M NaF (Fig. 2, right four lanes) . Again the Si supernatant contains no kinesin, the S3 supernatant after release with ATP contains the major fraction, and very little remains bound to microtubules (P). These experiments show that aluminum fluoride indeed causes kinesin to bind to microtubules, and the efficiency of kinesin recovery is comparable to the one achieved with PPPi and AMP-PNP. Next we repeated these experiments, stabilizing the microtubules not with taxol but with aluminum fluoride (Fig. 3) . The results were essentially the same, with some differences in the efficiency of kinesin recovery. This means that the effect of aluminum fluoride on kinesin binding and on microtubule stability are largely indepen dent of one another. PPPi A M P -P N P S 1 S2 S3 P S 1 S2 S3 P S! microtubules and kinesin is interesting for two reasons. The first is a practical one; aluminum fluoride helps to circumvent the need for taxol and AMP-PNP, reagents that are on short supply or expensive. This is important for scaling up the preparation when one wants to produce sufficient amounts o f kinesin for structural studies, e.g. crystallization. The second reason is a theoretical one related to the reaction mechanism o f kinesin. The present data opens the possibility that aluminum fluoride induces kinesin rigor via the AIF4 complex which could act as an analogue of a transition state N D P-P; complex, substitut ing for the terminal phosphate of GTP (for tubulin) or ATP (for kinesin). Such a mechanism seems to hold for Gproteins (Bigay et al. 1987) and may apply to microtubules as well (Carlier et al. 1988) , although here the case is less clear-cut (see Hymphreys and Macdonald, 1988; Caplow et al. 1989) . At any rate, analogs that arrest the reaction cycle o f kinesin are valuable tools for studying its reaction mechanism. This has been demonstrated in the case of AMP-PNP, and aluminum fluoride may turn out to be similarly useful in the future.
C onclusions
